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We propose a theoretical scheme to realize the coherent coupling of multiple atoms in a quantum
network which is composed of a two-dimensional (2D) array of coupled cavities. In the scheme,
the pairing off-resonant Raman transitions of different atoms, induced by the cavity modes and
external fields, can lead to selective coupling between arbitrary atoms trapped in separated cavities.
Based on this physical mechanism, quantum gates between any pair of qubits and parallel two-qubit
operations can be performed in the 2D system. The scheme provides a new perspective for coherent
manipulation of quantum systems in 2D quantum networks.
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Coherent manipulation of quantum systems at a dis-
tance is one of the crucial ingredients in the upcoming
area of quantum technologies. The realization of quan-
tum networks composed of many nodes and channels pro-
vide opportunities for such purpose, and thus is of great
consequence to a series of frontiers, such as quantum
computation, communication and metrology [1]. Funda-
mental to quantum networks are quantum interconnects,
which achieve reversible quantum state transformation
among separate systems across network nodes. Such
quantum connectivity in quantum networks can be real-
ized by matter-light interaction in cavity quantum elec-
trodynamics setups at nodes [2], combined with channels
of light tunneling across the nodes [3]. As kinds of mat-
ter particles (say, atoms, quantum dots, nitrogen-vacancy
(NV) centres in diamond, superconducting qubits in su-
perconducting cavity, etc), distributed in network nodes,
can act as stationary qubits for information storage;
while single photons are suitable to act as flying qubits,
that are convenient for conveying from and to the nodes
the information exchanged through the matter-light in-
teraction.
In recent years, much attention has been paid to using
the atom-light interaction in coupled cavity arrays for
investigating novel physical phenomena and its possible
applications [4]. Many theoretical studies concerning the
use of coupled cavity arrays have been done, as to realize
controllable operation for quantum simulation of many-
body phenomena [5–12] and for distributed quantum in-
formation processing [14–31]. All such researches focus
on the cases of either two-site [9, 13, 15–25, 28, 29] or one-
dimensional (1D) [5–8, 10, 11, 26, 27, 30, 31] coupled cav-
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ity arrays. Extending such studies to two- (2D) or three-
dimensional (3D) coupled cavity arrays is in some sense
of more significance, as it is shown that some kinds of 2D
and 3D quantum states (say, cluster states) are univer-
sal resources for quantum computation [32]. There have
been studies considering the 2D coupled cavity arrays,
the correlative examples can be found in Ref. [33] and
[34], which respectively consider the realization of the
fractional quantum Hall system and 2D one-way quan-
tum computation. In these schemes [33, 34], the nearest-
neighbor coupling is essential for the nonlocal quantum
coherence across the 2D network nodes.
In this paper, we first propose a scheme to control
coherently the coupling between two arbitrary atomic
qubits at distant (not necessarily the nearest-neighbor)
nodes in a 2D array of coupled cavities. In the scheme,
the off-resonant Raman transitions between two ground
states of the atoms, induced by the cavity modes and the
external fields, can lead to selective coupling between ar-
bitrary two distant atoms across the 2D network nodes,
while with all the atoms as well as with all the cavity
modes only virtually excited. Quantum logic operations
between any pair of distant atomic qubits and parallel
two-qubit operations on selective qubit pairs can be im-
plemented by appropriately selecting the parameters of
the external fields.
We consider a coupled N×N cavity array, as shown in
FIG. 1. In each site (denoted here by jk) there is a cavity
mode, which respectively couple to their neighboring ones
through the x and y directions with intercavity photon
hopping. Each site contains a Λ-type atom, with two
ground states |g〉jk and |f〉jk, and one excited state |e〉jk,
as shown in FIG. 2. The atom interacts with the cavity
mode through the transition |g〉jk ↔ |e〉jk, with coupling
rate gjk and detunings ∆1jk. A classical field with Rabi
frequencies Ωjk is applied to drive the atomic transition
|f〉jk ↔ |e〉jk, with detunings ∆2jk. In the interaction
2FIG. 1: (Color online) Schematic diagram of a two-
dimensional (2D) array of coupled cavities. Each atom is
confined in the center of cavity.
picture, the Hamiltonian for the system is
H = H1 +H2, (1)
where H1 and H2 denote the coupling between the atoms
and the field as well as between the cavities, respectively.
H1 =
N∑
j,k=1
[gjkajk|e〉jk〈g|ei△1jkt +Ωjk|e〉jk〈f |ei△2jkt
+h.c],(2)
H2 =
N∑
j,k=1
[ vajka
+
j+1,k + vajka
+
j,k+1 + h.c], (3)
where ajk denotes the annihilation operator for the mode
of the jkth cavity, v is the hopping rates of photons be-
tween neighboring cavities.
We adopt periodic boundary conditions aj1 = ajN
and a1k = aNk, by introducing the nonlocal bosonic
modes cmn, and making the transformation ajk =
1
N
∑N
m,n exp[−i(2pijmN + 2piknN )]cmn. Thus we can rewrite
the Hamiltonian H1 and H2 as
H1 =
∑
j,k
[Ωjke
i△2jkt|e〉jk〈f |+
∑
m,n
gjk
N
×e−i( 2pijmN + 2piknN )ei△1jkt|e〉jk〈g|cmn + h.c.], (4)
and
H2 =
N∑
m,n
ωmnc
+
mncmn + h.c., (5)
where ωmn = 2v cos(
2pin
N
+ 2pim
N
). We now go into a new
frame by defining H1 as a free Hamiltonian, and obtain
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FIG. 2: The atom level scheme. The transition of the jkth
atom |g〉jk ↔ |e〉jk is coupled to the cavity mode with detun-
ing ∆1jk, the corresponding coupling rate is gjk. The tran-
sition |f〉jk ↔ |e〉jk of the jkth atom is driven by a classical
laser field with the detuning ∆2jk, and the corresponding the
Rabi frequencies is Ωjk.
the interaction Hamiltonian for the whole system as
H
′
1 =
N∑
j,k
{Ωjkei△jk,2t|e〉jk〈f |
+
∑
m,n
[
gjk
N
e−i(
2pijm
N
+ 2pikn
N
) ei(△1jk−ωmn)t
×cm,n|e〉jk〈g|+ h.c.]}. (6)
Considering the large detuning case with |△2jk| ≫
|Ωjk|, and |△1jk − ωmn| ≫
∣∣ gjk
N
∣∣, we can adiabatically
eliminate the atomic excited state |e〉jk and turn H ′2 to
H
′′
1 = −
∑
j,k
{ εjk|f〉jk〈f |+
∑
m,n
[ζjk|g〉jk〈g|c+mncmn
+λjke
−i( 2pijm
N
+ 2pikn
N
)ei(△1jk−ωmn−△2jk)tcmnS+jk
+h.c.]}, (7)
where εjk =
(Ωjk)
2
∆2jk
, ζjk =
(gjk)
2
N2(∆1jk−ωmn) , λjk =
gjkΩjk
2N (
1
∆1jk−ωmn +
1
∆2jk
), and S+jk = |f〉jk 〈g|. The
first and second terms of Eq.(7) describe Stark shifts
respectively induced by the classical fields and bosonic
modes, while the last two terms describe the multiple
off-resonant Raman transitions for each atom induced by
the classical fields and the bosonic modes. Under the con-
dition |△1jk − ωmn −△2jk| ≫ λjke−i( 2pijmN + 2piknN ), the
bosonic modes are only virtually excited. This thus leads
to the quanta-dependent Stark shifts and effective cou-
pling between the atoms, and gives the effective Hamil-
3tonian [36, 37]
He =
∑
j,k
{ −εjk|f〉jk〈f |+
∑
m,n
[−ζjk|g〉jk〈g|c+mncmn
+ξjkmn(cmnc
+
mn|f〉jk 〈f | − c+mncmn|g〉jk〈g|)]
+
∑
p,q(pq 6=jk)
χjkpqS
+
pqS
−
jk
×e−i[(△1pq−△1jk)−(△2pq−△2jk)]t + h.c}, (8)
with
ξjkmn =
(λjk)
2
△1jk − ωmn −△2jk , (9)
and
χjkpq =
∑
m,n
1
2
λjkλpq(
1
△1jk − ωmn −△2jk
+
1
△1pq − ωmn −△2pq )×
e−i[2(j−p)
mpi
N
+2(k−q) npi
N
]. (10)
As the quantum number of the bosonic modes is con-
served during the interaction, they will remain in the
vacuum state if they are initially in the vacuum state.
Then He reduces to
He =
∑
j,k
{ ς1|f〉jk〈f |+
∑
p,q(pq 6=jk)
[χjkpqS
+
pqS
−
jk
×e−i[(△1pq−△1jk)−(△2pq−△2jk)]t + h.c]}, (11)
where ς1 =
∑
m,n ξjkmn − εjk.
The Hamiltonian in Eq. (11) allows for the coherent
operation of two arbitrary distant qubits across the 2D
quantum network. In order to do so, we apply classical
fields to the jkth and pqth qubits, and select the frequen-
cies for the cavity and classical fields in such a way that
the conditions gjk = gpq, Ωjk = Ωpq, and △1pq −△1jk =
△2pq −△2jk are also fulfilled. Thus the effective Hamil-
tonian He reduces to
He,jkpq = ς1(|f〉jk〈f |+ |f〉pq〈f |) + χ1(S+pqS−jk + h.c),
(12)
with χ1 = χjkpq , and jk 6= pq. We assume the
jkth and pqth qubits are first in state |ψ(0)〉 =
|f〉jk|g〉pq, the time evolution can be expressed as
|ψ(t)〉 = e−iHe,jkpqt|ψ(0)〉 = e−iς1t[cos(χ1t)|f〉jk|g〉pq −
i sin(χ1t)|g〉jk|f〉pq]. After an interaction time pi4χ1 , the
two qubits evolve to a maximal entangled state |ψ〉en =
e−i
ς1pi
4χ1 (|f〉jk|g〉pq− i|g〉jk|f〉pq)/
√
2. Or, if the two qubits
are in state |ψ′(0)〉 = (c0|f〉jk + c1|g〉jk)|g〉pq , with
|c0|2 + |c1|2 = 1. After an interaction time t = piχ1 ,
the state of the jkth qubit is now transferred to that
of the pqth qubit, i.e., the two qubits are finally in
|ψ〉st = |g〉jk(−ie−i
ς1pi
χ c0|f〉pq + c1|g〉pq).
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FIG. 3: (Color online) Numerical illustration for the time evo-
lution of the occupation probability P = |〈ψ|ψ(t)〉|2 governed
respectively by the effective (blue-solid line) and full (red-
dashed line) Hamiltonian models, the atoms are initially in
state |f
11
g
12
· · · gjk · · · g44〉, while all the cavity modes are in
vacuum state. The relative parameters are set to be :v = 1.5g,
Ω11 = Ω44 = 1.0g, Ωij = 0(i, j = 1, 2, 3, 4, ij 6= 11, 44)
△1,11 = △1,44 = 15.0g, △2,11 = △2,44 = 15.2g.
We notice that the selective parallel two-qubit op-
eration on different qubit pairs can also been imple-
mented in such a 2D model. Suppose that one wants
to perform gates on qubit pairs (jk, pq) and (j′k′, p′q′).
Then we drive each of these qubits with two classi-
cal fields. The parameters of the system are suit-
ably adjusted so that all such conditions gjk = gpq,
Ωjk = Ωpq, △1jk = △1pq, △2jk = △2pq, gj′k′ =
gp′q′ , Ωj′k′ = Ωp′q′ , △1j′k′ = △1p′q′ , △2j′k′ = △2p′q′ ,
and |∆1αβ −∆2αβ −∆1α′β′ +∆2α′β′ | ≫ χαβα′β′(αβ =
jk, pq;α′β′ = j′k′, p′q′) are also satisfied. In such a case,
qubit jk (j′k′) only couples to qubit pq (p′q′), while it
decouples to qubits j′k′ (jk) and p′q′ (pq). Therefore the
effective Hamiltonian is given by
He,par = ς1(|f〉jk〈f |+ |f〉pq〈f |) + χ1(S+pqS−jk + h.c)
+ ς2(|f〉j′k′ 〈f |+ |f〉p′q′〈f |) + χ2(S+p′q′S−j′k′
+h.c), (13)
where ς2 =
∑
m,n ξj′k′mn − εj′k′ , χ2 = χj′k′p′q′ , and
j′k′ 6= p′q′. This thus allows us to coherently per-
form two-qubit operations on qubit pairs (jk, pq) and
(j′k′, p′q′) simultaneously.
To confirm the validity of all our above arguments,
we numerically simulate the dynamics governed by the
derived effective model in Eq. (12), and compare it to
4the dynamics governed by the full Hamiltonian
Hf =
N∑
j,k=1
{ωf |f〉jk〈f |+ ωe|e〉jk〈e|+
∑
[ωc,jkajkajk
+gjkajk|e〉jk〈g|+Ωjk|e〉jk〈f |e−iωl,jkt
+ vajka
+
j+1k + vajka
+
jk+1 + h.c.]}, (14)
where ωf and ωe are frequencies for the state |f〉jk and
|e〉jk (|g〉jk is assumed to be null energy level), and ωc,jk
and ωl,jk are frequencies for the cavity and classical fields.
We consider the case with N = 4, and set the parameters
in the following way : v = 1.5g, Ω11 = Ω44 = 1.0g, Ωij =
0(i, j = 1, 2, 3, 4, ij 6= 11, 44) △1,11 = △1,44 = 15.0g,
△2,11 = △2,44 = 15.2g. The validity of the effective
model is numerically simulated by taking the evolution
of the occupation probability P = |〈ψ|ψ(t)〉|2 of the state
|f
11
g
12
· · · gjk · · · g44〉 as an example, while assuming ini-
tially the atoms are in state |ψ〉 and all the cavity modes
are in vacuum state. FIG. 3 illustrates the numerical re-
sults obtained from both the effective (red-dashed line)
and full ( blue-solid line) Hamiltonians. Discrepancies
between the two curves are due to higher terms for the
parameters ς1 and χ1. Even now, it is obvious that the
effective model is valid, its deviation can be made to be
smaller as soon as the relative parameters are appropri-
ately fixed. In Fig.4, the optimal fidelity of obtained state
|Ψ〉 = 1√
2
(|f
11
g
12
· · · gjk · · · g44〉+ |g11 · · · gjk · · · g34f44〉) is
plotted with its initial state |f
11
g
12
· · · gjk · · · g44〉 versus
time under the condition v = 1.5g, Ω11 = Ω44 = 1.0g,
Ωij = 0 (i, j = 1, 2, 3, 4, ij 6= 11, 44) △1,11 = △1,44 =
15.0g, △2,11 = △2,44 = 15.2g. Fig.4 shows that the
maximally entangled state between the two atom with
a fidelity higher than 0.99 can be obtained at time
t ≃ 100.0/gs.
It is necessary to give a brief discussion of the ex-
perimental feasibility of the proposed scheme. The
proposed scheme can be realized in solid-state qubit
trapped in a 2D array of superconducting cavity sys-
tem. In this system, the superconducting cavity can
be strongly coupled to the solid-state qubits such as
Cooper pair boxes (CPB) and quantum dots (QD),
and the microwave photons have small loss rates. For
N = 4 and for the parameters introduced in FIG.
(3), we get χjkpq =
∑
m,n
1
2λ11λ22(
1
△1,11−ωmn−△2,11 +
1
△1,22−ωmn−△2,22 )e
−i[2mpi
N
+2npi
N
] = 7.63 × 10−4g, and the
time needed to complete the entangling operation be-
tween qubit 11 and qubit 44 is t = 1.03×103/g. The prob-
ability that the atoms undergo a transition to the excited
state due to the off-resonant interaction with the classical
fields is p1 =
2Ω2
(∆2,11)2
= 3.2×10−3. Meanwhile, the prob-
ability that the field modes are excited due to off-resonant
Raman couplings is p2 =
∑
jkmn
(λjk)
2
(△1jk+ωmn−△2jk)2 =
6.98 × 10−3. The effective decoherence rates due to the
atomic spontaneous emission and the field decay are γe =
p1γ and κe = p2κ, where γ and κ are the decay rates for
the atomic excited state and the field modes, respectively.
0   50 100 150 200
0.4
0.5
0.6
0.7
0.8
0.9
1
gt
Fi
de
lity
FIG. 4: (Color online) The Fidelity of the state |Ψ〉 =
1√
2
(|f
11
g
12
· · · gjk · · · g44〉+ |g11 · · · gjk · · · g34f44〉) with its ini-
tial state |f
11
g
12
· · · gjk · · · g44〉 versus time. The maximally
entangled state between the two atom state with a fidelity
higher than 0.99 can be obtained at time t ≃ 100.0/g s. The
relative parameters are set the same as those in FIG3.
The parameter in a strongly coupled single quantum dot-
cavity system reported in Ref.[38] is κ ∼ 5 × 10−3g(κ =
g
1800 ), and γ ∼ 3 × 10−3g(γ = g300 ). This leads to an
entanglement fidelity with F ≃ 1− (γe + κe)t ≃ 95%.
In conclusion, we propose a theoretical scheme to re-
alize the coherent coupling between two arbitrary qubits
in a 2D quantum network. We consider the scheme in a
2D coupled cavity system. In such a case, the pairing off-
resonant Raman transitions of distant atoms, induced by
the cavity modes and external fields, can lead to selective
coupling between two arbitrary atoms trapped in sepa-
rated cavities; quantum gates between any pair of qubits
and parallel two-qubit operations in the network can be
performed. Moreover, the scheme can also be applied to
N-V ensemble-based quantum network [39, 40].
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